1. Introduction {#sec1}
===============

Exposure of the skin to ultraviolet (UV) radiation, particularly to the short ultraviolet, UVB component (280--320 nm), causes oxidative damage to skin, resulting in sunburn, photoaging, and skin cancer \[[@B1]\]. Topical application of antioxidants has long been known to protect skin from oxidative damage produced by UV radiation. In addition, a number of natural antioxidant ingredients also have anti-inflammatory properties and can be used in the treatment of conditions associated with oxidative damage such as photoaging and perhaps even skin cancer \[[@B2], [@B3]\]. Flavonoids are natural antioxidants and include the subclass of isoflavones \[[@B4]\]. The most potent isoflavones are genistein and daidzein \[[@B1]\]. Numerous studies have proven the effectiveness of genistein and daidzein in reducing the radical oxygen species involved in the skin aging process. These substances, in fact, can be used to protect the skin from oxidative stress induced by UVB radiation \[[@B1], [@B5]\].

Genistein (4′,5,7-trihydroxyisoflavone) inhibits the production of certain cytokines and eicosanoid biosynthesis by inhibiting protein tyrosine kinase, which suggests that they can modulate the promotional stage of the inflammatory responses \[[@B6]\]. Genistein also reduces the inflammatory edematous reaction and suppresses contact hypersensitivity induced by moderate doses of solar UV irradiation \[[@B7]\]. In addition, applied before UV-exposure, genistein prevented the UV radiation-dependent expression of cyclooxygenase-2 (COX-2) in cultures of human keratinocytes, which suggests that it exerts anti-inflammatory activity \[[@B8], [@B9]\].

Similarly, topical application of genistein before UVB radiation dose-dependently reduced c-fos and c-jun expression in the mouse skin \[[@B10]\]. More recently, topical genistein treatment of mouse skin was found to protect against UVB-induced oxidative DNA damage \[[@B11]\], and to exert antioxidant and anticarcinogenic effects in the skin of hairless mice \[[@B12]\]. The other isoflavone, daidzein, is just as effective as genistein in protecting cells against oxidative DNA damage \[[@B13]\].

In the pharmaceutical industry and particularly in the cosmetic industry, there is a demand for new substances or combinations of substances originating from natural resources endowed with antioxidant and cyto-photoprotective activity. In the attempt to identify new effective photoprotective agents, we investigated the effects of the isoflavones genistein (2--60 *μ*M) and daidzein (8--30 *μ*M) individually or combined in a 1 : 4 ratio, in BJ-5ta human skin cells irradiated with 60 mJ/cm^2^ UVB. Anti-inflammatory and DNA repair properties were assessed by measuring cell viability and the expression of the cyclo-oxygenase-2 (COX-2) and growth arrest DNA damage-inducible (Gadd45) genes that are involved in inflammation and DNA repair, respectively. Finally, the UVB-induced DNA damage in cells was evaluated by single-cell gel electrophoresis assay (Comet assay). We demonstrate that the isoflavones genistein and daidzein combined at a specific ratio exert a greater photoprotective effect than each isoflavone alone. Consequently, this genistein/daidzein combination has promising applications in the protection of skin cells against UVB irradiation.

2. Materials And Methods {#sec2}
========================

2.1. Cell Culture {#sec2.1}
-----------------

BJ-5ta cells, which are human skin fibroblast cells immortalized with hTERT, were cultured in a 4 : 1 mixture of Dulbecco\'s medium (Gibco Laboratories, North Andover, Mass, USA) and Medium 199 (Sigma-Aldrich, Oakville, ON, Canada) supplemented with: 4 parts of Dulbecco\'s Modified Eagle\'s Medium (DMEM) (Gibco Laboratories) containing 4 mM L-glutamine (Gibco Laboratories), 4.5 g/L glucose and 1.5 g/L sodium bicarbonate, 1 part of Medium 199 (Sigma), in turn, supplemented with: 0.01 mg/mL hygromycin B (Sigma), 10% fetal bovine serum (FBS) (Gibco Laboratories), 1% penicillin/streptomycin (Gibco Laboratories). Cultures were maintained at 37°C in a 5% CO~*2*~-humidified atmosphere.

2.2. Treatment with Genistein and Daidzein {#sec2.2}
------------------------------------------

BJ-5ta were plated onto 60-mm culture plates in 4 mL of fresh culture medium. After incubation for 1 day at 37°C in 5% CO~*2*~, genistein (dissolved in ethanol) and/or daidzein (dissolved in DMSO) were added to the culture medium and BJ-5ta cells were incubated for 2 h at 37°C prior to UVB irradiation at 60 mJ/cm^2^. Twenty-four hours after UV irradiation, cells were washed with PBS, total RNA was prepared from BJ-5ta cells and DNA damage was evaluated with the Comet assay. Genistein was purchased from Nutraceutica Srl (Monterenzio, Italy) and daidzein was obtained from Cayman Chemical Company (Ann Arbor, Mish, USA).

2.3. UV Irradiation {#sec2.3}
-------------------

BJ-5ta fibroblasts were seeded onto 60-mm culture plates in 4 mL of fresh culture medium. After incubation for 1 day at 37°C in 5% CO~*2*~, cells were washed and covered with phosphate-buffered saline (PBS) with 0.5 mL of cold PBS, and the monolayer of subconfluent cells was irradiated with UVB (290--320 nm). The PBS was then replaced with 4 mL of culture medium containing the isoflavones, and the cells were allowed to recover for 24 h. As a source of UVB, six Philips TL12/60W fluorescent lamps (Philips, Eindhoven, The Netherlands) emitting UV light between 290 and 320 nm with a peak at 300 nm was used. The intensity of UVB irradiation, measured with a UV meter (Spectrolyne mod., Spectronics Corp., Westbury, NY, USA) was 0.8 mW/cm^2^.

2.4. Analysis of Cell Viability {#sec2.4}
-------------------------------

Cell vitality was determined with the Trypan blue method. Twenty-four hours after irradiation or after treatment with isoflavones, the medium was recovered and cells were washed twice with PBS and incubated with trypsin/EDTA. Cells were then harvested with medium previously recovered and centrifuged at 1000 × g for 10 min. The cell pellet was resuspended in an appropriate volume of PBS, and 0.5 mL of the cell suspension was combined with 0.5 mL of Trypan blue solution. The mix was incubated for 15 min at room temperature and the number of unstained cells (vital cells) and the total number of cells (vital and not) were determined on the hemacytometer under a microscope (dead cells will take up the Trypan blue stain). The percentage of viable cells was determined dividing the number of unstained cells by the total number of cells.

2.5. RNA Extraction and Real-Time PCR {#sec2.5}
-------------------------------------

BJ-5ta cells were exposed to UVB or treated with isoflavones for 2 h before UVB irradiation and harvested after 24 h for RNA extraction. Total RNA was prepared with the RNeasy mini kit (Qiagen) and subjected to cDNA synthesis with random hexanucleotide primers and MultiScribe reverse transcriptase (Invitrogen) at 48°C for 1 h. The cDNA was then amplified in an iCycler iQ real time PCR detection system (Bio-Rad Laboratories) using iQTM SYBR Green Supermix (Bio-Rad Laboratories) in triplicate in 25 *μ*L reaction volumes. Relative quantification of gene expression was performed using the 2^−ΔΔCt^ method. Actin served as reference mRNA \[[@B14]\]. The ratios between 2^−ΔΔCt^ before UVB treatment and those calculated for the samples exposed to UVB light are expressed as fold changes. The primer sequences were as follows:

1.  Gadd45 forward: 5′-AGACCCCGGACCTGCACT-3′

2.  Gadd45 reverse: 5′-CCGGCAAAAACAAATAAGTTGACT-3′

3.  COX-2 forward: 5′-CCTGGCGCTCAGCCATAC-3′

4.  COX-2 reverse: 5′-GGTACAATCGCACTTATACTGGTCAA-3′

5.  actin forward: 5′-CCTCACCCTGAAGTACCCCA-3′

6.  actin reverse: 5′-TCGTCCCAGTTGGTGACGAT-3′

2.6. Comet Assay {#sec2.6}
----------------

DNA damage was evaluated with the Comet assay as previously described \[[@B15]\]. Briefly, the cells were exposed to UVB or treated with isoflavones 2 h before UVB irradiation, as described above, and 24 h later, they were washed with PBS, trypsinized, resuspended in PBS and combined with LM-agarose (supplied with the Trevigen kit; Trevigen Inc., Gaithersburg, Md) at a ratio of 1 : 8 (cells : agarose). Electrophoretic and qualitative and/or quantitative analyses were carried out according to the Trevigen protocol. The results were quantified with the Image software, as suggested by the manufacturer. Data are reported as tail moment (TM), which is the ratio between the tail and nucleus areas.

2.7. Statistics {#sec2.7}
---------------

Results were expressed as the mean ± SE of 3 experiments. Statistical significance was calculated by one-way analysis of variance (ANOVA) and *P* value for a multiple comparison test. The level of statistical significance was defined as \**P* \< 0.05, \*\**P* \< 0.001, \*\*\**P* \< 0.0001.

3. Results {#sec3}
==========

3.1. COX-2 and Gadd45 Gene Expression and DNA Damage in UVB-Irradiated Cells {#sec3.1}
----------------------------------------------------------------------------

We used the alkaline Comet assay to evaluate the damage caused to DNA from proliferating BJ-5ta fibroblasts irradiated with increasing doses of UVB (from 5 to 60 mJ/cm^2^) \[[@B15]\]. As shown in [Figure 1(a)](#fig1){ref-type="fig"}, in UVB-irradiated cells the TM (tail moment) of comets increased as the dose of UVB irradiation increased. These results are in agreement with the level of the Gadd45 mRNA measured by real-time PCR ([Figure 1(b)](#fig1){ref-type="fig"}). Transcription of this gene is rapidly induced upon DNA damage \[[@B16]\]. To evaluate the effect of UVB irradiation on COX-2 gene expression, we measured its mRNA levels in proliferating BJ-5ta fibroblasts irradiated with increasing doses of UVB (from 5 to 60 mJ/cm^2^). As shown in [Figure 1(c)](#fig1){ref-type="fig"}, COX-2 mRNA levels increased as the dose of UVB irradiation increased. The effects of UVB irradiation on cell viability are depicted in [Figure 1(d)](#fig1){ref-type="fig"}. There was a dose-dependent decrease in cell viability; however, 60% of cells were still viable at 60 mJ/cm^2^.

3.2. Effects of Genistein and Daidzein on COX-2 and Gadd45 Gene Expression in Unirradiated Cells {#sec3.2}
------------------------------------------------------------------------------------------------

To determine whether genistein and daidzein affected the expression levels of the COX-2 and Gadd45 genes, we first examined their effects on gene expression in non-UVB irradiated BJ-5ta skin cells. Figures [2(a)](#fig2){ref-type="fig"} and [2(c)](#fig2){ref-type="fig"} show the mRNA levels of COX-2 and Gadd45, determined by real time-PCR, after exposure to various concentrations of genistein and daidzein (10, 30, 60 *μ*M), respectively, in non-UVB irradiated BJ-5ta skin cells. The expression of the COX-2 and Gadd45 genes was not affected by a concentration of 10 *μ*M genistein or 30 *μ*M daidzein. Instead, exposure to a concentration of 30 *μ*M genistein or 60 *μ*M daidzein resulted in an increase of COX-2 and Gadd45 mRNA levels. This effect was much more evident for Gadd45 than for COX-2. Indeed, 30 *μ*M genistein did not significantly induce COX-2 gene expression. DMSO or ethanol used as a vehicle control in cells in the absence of isoflavones did not affect Gadd45 and COX-2 expression (data not shown). The isoflavones at the concentrations tested did not affect cell viability (Figures [2(b)](#fig2){ref-type="fig"} and [2(d)](#fig2){ref-type="fig"}).

3.3. Response to UVB-Irradiated Cells Treated with Low and High Concentrations of Genistein and Daidzein Used Singly or in Combination {#sec3.3}
--------------------------------------------------------------------------------------------------------------------------------------

To test the effect of genistein and daidzein on COX-2 and Gadd45 gene expression in BJ-5ta human skin cells irradiated with 60 mJ/cm^2^ UVB, we used the concentration of each isoflavone that did not induce gene expression, namely 10 *μ*M genistein and 30 *μ*M daidzein. Figures [3(a)](#fig3){ref-type="fig"} and [3(b)](#fig3){ref-type="fig"} show the mRNA levels of COX-2 and Gadd45, determined by Real Time-PCR, in BJ-5ta cells treated with various concentrations of genistein (from 2 to 10 *μ*M) and daidzein (from 8 to 30 *μ*M) respectively, 2 h before irradiation with 60 mJ/cm^2^ UVB. The isoflavones used singly or in combination at concentrations of 10 *μ*M genistein and 30 *μ*M daidzein did not modify significantly the levels of the Gadd45 and COX-2 genes (Figures [3(a)](#fig3){ref-type="fig"}, [3(b)](#fig3){ref-type="fig"} and [3(c)](#fig3){ref-type="fig"}). On the contrary, as shown in [Figure 3(c)](#fig3){ref-type="fig"}, COX-2 and Gadd45 expression levels were significantly reduced (*P* \< 0.0001) when the isoflavones were used in combination at lower concentrations (2, 4 and 6 *μ*M genistein, and 8, 16, and 24 *μ*M daidzein) that is, at a ratio of 1 : 4. DMSO and ethanol in combination used as a vehicle control in non-UVB-irradiated BJ-5ta skin cells without isoflavones did not affect Gadd45 and COX-2 expression (data not shown).

3.4. Photoprotective Effect of Genistein and Daidzein on the Cellular Response to UVB-Induced DNA Damage {#sec3.4}
--------------------------------------------------------------------------------------------------------

We evaluated the cellular response to UVB-induced DNA damage using the Comet assay \[[@B15]\]. First, we assessed the effects of various concentrations of each isoflavone (from 10 to 60 *μ*M) on UVB-induced DNA damage evaluated as TM. As shown in Figures [4(a)](#fig4){ref-type="fig"} and [4(b)](#fig4){ref-type="fig"}, 60 *μ*M genistein or 30 *μ*M daidzein, administered 2 h before irradiation with 60 mJ/cm^2^ UVB, prevented the UVB-induced DNA damage by about 65% and 70%, respectively. Instead, the isoflavone combinations used at concentrations of 2, 4, and 6 *μ*M genistein in the presence of 8, 16 and 24 *μ*M daidzein, respectively, more effectively prevented UVB-induced DNA damage ([Figure 5(a)](#fig5){ref-type="fig"}). The isoflavones combination also improved the viability of UVB irradiated cells ([Figure 5(b)](#fig5){ref-type="fig"}). [Figure 5(c)](#fig5){ref-type="fig"} shows the results of the Comet assays at the most effective concentrations of genistein and daidzein used singly or in combination.

4. Discussion {#sec4}
=============

The aim of this study was to investigate the efficacy of two isoflavones, genistein and daidzein, used individually or combined, in protecting against the inflammation and DNA damage induced by UVB irradiation. The anti-inflammatory effects and antioxidant activities of individual isoflavones are well established although little is known about the photoprotective effect of their combination. First, we investigated the effect of the two isoflavones on the UVB-induced expression of the COX-2 and Gadd45 genes. In fact, UV radiation induces COX-2 expression, which results in cell aging and skin carcinogenesis \[[@B16]\]. In addition, stressful conditions such as ionizing radiation induce the expression of the Gadd45 gene, which is involved in cellular repair \[[@B17]\]. The Gadd45 protein is a stress sensor and its function is mediated by a complex interplay of physical interactions with other cellular proteins that are implicated in cell-cycle arrest, DNA repair and cell survival, or apoptosis. How the stress sensor functions of the Gadd45 protein coordinate the response of cells to environmental and physiological stressors is unclear \[[@B18]\].

We evaluated the expression levels of the COX-2 and Gadd45 genes in unirradiated and UVB 60 mJ/cm^2^-irradiated human skin BJ-5ta cells exposed to each isoflavone alone or their combination. We found that, used alone, 30 *μ*M genistein and 60 *μ*M daidzein reduced the UVB-induced DNA damage but not the expression of the COX-2 and Gadd45 genes. Instead, lower concentrations of genistein and daidzein applied together exerted significant anti-inflammatory effects and promoted DNA repair. Indeed, under the latter condition, we found a reduction of cellular DNA damage measured by the Comet assay. This study reveals that (i) genistein and daidzein exerted a synergistic photoprotective effect that was greater than the effect obtained with each isoflavone alone and (ii) the isoflavone ratio is critical for the cytoprotective effect.

Our results are consistent with recent studies on the effects exerted by genistein and other isoflavones in a number of cellular systems. Genistein alone or combined with capsaicin was found to exert anti-inflammatory and anticarcinogenic effects by modulating COX-2 in a mammary cancer cell line \[[@B19]\]. *In vivo* studies showed that the topical application of isoflavone extract, before UVB irradiation, reduced the expressions of COX-2 and of the proliferating cell nuclear antigen \[[@B20]\]. Moreover, soy extract *in vitro* reduced the UV-induced expression of COX-2, which suggests that it exerts anti-inflammatory activity, and inhibits angiogenesis and tumor progression \[[@B20], [@B21]\]. In our study, the two isoflavones, also individually, were photoprotective at the highest concentrations used (60 *μ*M genistein and 30 *μ*M daidzein) when the UVB-induced DNA damage was assessed by Comet assay. Other authors reported that high doses of genistein (10--50 *μ*M, 1 h before UV irradiation) prevented UV-induced DNA pyrimidine dimmer formation in reconstituted 3D cultured human skin models \[[@B22]\].

5. Conclusion {#sec5}
=============

The results reported herein suggest that isoflavones, besides contributing to activation of DNA repair mechanisms, may also function as anti-inflammatory agents in skin cells exposed to UVB irradiation. Indeed, cells respond to isoflavones by inducing Gadd45 gene expression thereby activating the DNA repair system, and also by reducing the COX-2 expression, thereby exerting significant anti-inflammatory effects. Our findings show that genistein and daidzein, when administered combined and at a specific concentration and ratio, exert a synergistic photoprotective effect that is greater than the effect obtained with each isoflavone alone. Consequently, genistein and daidzein may be good candidate ingredients for protective agents against UV-induced photodamage, and in particular, they may improve sunscreen protection.
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![Effects of UVB irradiation on DNA damage and cell viability. (a) BJ-5ta cells were grown as described under [Section 2](#sec2){ref-type="sec"}, exposed to increasing doses of UVB irradiation (from 5 to 60 mJ/cm^2^) and harvested 24 h after UVB. The Comet assay (see [Section 2](#sec2){ref-type="sec"}) was performed according to the manufacturer\'s instructions. The results were quantified using the NIH Image Software. The data are reported as tail moment (TM) and represent the mean ± SD of three independent experiments. \*\**P* \< 0.001, \*\*\**P* \< 0.0001 (Ctrl: unirradiated control cells). (b, c) Gadd45 and COX-2 mRNA were measured by real time-PCR in a total RNA preparation from exponentially growing human fibroblasts (BJ-5ta) 24 h after UVB irradiation (from 5 to 60 mJ/cm^2^). The bars indicate the relative abundance of the mRNA; +1 is the abundance of Gadd45 and COX-2 mRNA in unirradiated cells. All values represent the mean ± SD of triplicate experiments. \**P* \< 0.05, \*\**P* \< 0.001, \*\*\**P* \< 0.0001. (d) The viability of BJ-5ta was measured by Trypan blue 24 h after UVB irradiation at increasing doses. The results are reported as percentage of cell viability and the values represent the mean values ± SD of three independent experiments (Ctrl: unirradiated control cells).](JBB2011-692846.001){#fig1}

![Effects of genistein and daidzein on Gadd45 and COX-2 mRNA levels and on BJ-5ta cell viability. (a, c) mRNA levels of Gadd45 and COX-2 were determined by real-time PCR in a total RNA preparation of BJ-5ta cells treated with various concentrations of genistein (from 10 to 60 *μ*M) (a) or daidzein (from 10 to 60 *μ*M) (c) for 24 h. The bars indicate the relative abundance of the mRNA; +1 is the abundance of Gadd45 and COX-2 mRNA in untreated cells. All values represent the mean ± SD of triplicate experiments. \*\**P* \< 0.001, \*\*\**P* \< 0.0001 (Ctrl: untreated control cells). (b, d) Cell viability was measured by Trypan blue in BJ-5ta cells incubated with genistein (from 10 to 60 *μ*M) or daidzein (from 10 to 60 *μ*M) for 24 h. The results are reported as percentage of cell viability, and the values represent the mean values ± SD of three independent experiments (Ctrl: untreated control cells).](JBB2011-692846.002){#fig2}

![Effects of genistein and daidzein on Gadd45 and COX-2 gene expression in BJ-5ta cells irradiated with 60 mJ/cm^2^ UVB. mRNA levels of Gadd45 and COX-2 were determined by Real Time-PCR in BJ-5ta cells treated for 2 h with various concentrations of genistein (from 2 to 10 *μ*M) (a) or daidzein (from 8 to 30 *μ*M) (b) or with different combinations of genistein and daidzein (c) before UVB irradiation (60 mJ/cm^2^) and harvested 24 h after UVB. The bars indicate the relative abundance of the mRNA; +1 is the abundance of Gadd45 and COX-2 mRNA in unirradiated and untreated cells. All values represent the mean ± SD of triplicate experiments. \**P* \< 0.05, \*\**P* \< 0.001, \*\*\**P* \< 0.0001, °°°*P* \< 0.0001 (Ctrl: untreated and unirradiated control cells; without substance: untreated and irradiated (60 mJ/cm^2^) cells).](JBB2011-692846.003){#fig3}

![Photoprotective effect of isoflavones evaluated with the Comet assay. (a) BJ-5ta cells were treated for 2 h with various concentrations of genistein (from 10 to 60 *μ*M). (b) BJ-5ta cells were treated for 2 h with various concentrations of daidzein (from 10 to  60 *μ*M).](JBB2011-692846.004){#fig4}

![Photoprotective effect of genistein and daidzein in combination evaluated with the Comet assay. (a) BJ-5ta cells were treated for 2 h with different combination of genistein and daidzein before UVB irradiation (60 mJ/cm^2^) and harvested 24 h after UVB. The Comet assay procedure (see [Section 2](#sec2){ref-type="sec"}) was performed according to the manufacturer\'s instructions. The results were quantified using the NIH Image Software. The data are reported as Tail Moment (TM) and represent the mean ± SD of three independent experiments. \**P* \< 0.05, \*\**P* \< 0.001, \*\*\**P* \< 0.0001, °°°*P* \< 0.0001 (Ctrl: untreated and unirradiated control cells; without substance: untreated and irradiated (60 mJ/cm^2^) cells). (b) Cell viability was measured by Trypan blue in BJ-5ta cells incubated with genistein and daidzein in combination for 24 h (genistein 6 *μ*M + daidzein 24 *μ*M, genistein 4 *μ*M + daidzein 16 *μ*M, genistein 2 *μ*M + daidzein 8 *μ*M). The results are reported as percentage of cell viability and the values represent the mean values ± SD of three independent experiments (Ctrl: untreated control cells). (c) Image of alkaline single-cell gel electrophoresis performed on BJ-5ta treated with genistein or daidzein alone or in their most effective combination (Ctrl: untreated and unirradiated control cells; without substance: untreated cells with severe DNA damage after irradiation with 60 mJ/cm^2^ UVB).](JBB2011-692846.005){#fig5}
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